I n t r o d u c t i o n . One o f the most e x c i t i n g areas o f
i n v e s t i g a t i o n i n t h i s century has been and cont i n u e s t o be macroscopic quantum systems.
Research i n t h i s area has uncovered an unexpectedl y r i c h vein o f unanticipated phenomena, t h e study o f which has l e d t o an ever deeper understanding o f t h e laws of nature. New i n v e s t i g at i o n s have r e c e n t l y been undertaken on a new s e t o f such macroscopic quantum systems; namely, spin-polarized quantum systems such as spinp o l a r i z e d a t o m i c hydrogen 101-061 and s p i np o l a r i z e d he1 i um-three /07, 081. Recent experimental r e s u l t s 109, 101 have been a major step forward and have brought an a i r o f optimism t o workers i n t h i s f i e l d t h a t i t w i l l be possible t o prepare these systems and keep them i n s t a b l e form long enough t o study t h e i r properties, even e q u i l i b r i u m properties, i n d e t a i l .
The present review has as i t s goal a discussion o f t h e p o s s i b l e thermodynamic p r o p e r t i e s o f these systems. It t u r n s out t h a t i t i s p o s s i b l e t o do t h i s from a u n i f i e d p o i n t o f view because o f t h e extension o f t h e Quantum Theorem o f Corresponding
States r e c e n t l y developed by Nosanow and co-workers 111-131. This theorem was o r i g in a l l y proposed by de Boer /14/ and i t s i n i t i a l a p p l i c a t i o n s c a r r i e d out by t h e him and h i s co-workers 1151.
The f i r s t d i s c u s s i o n o f spin-polarized atomic hydrogen using t h e quantum theorem o f Corresponding s t a t e s was given by
Hecht /01/. Thus, a general, o v e r -a l l p i c t u r e of t h e thermodynamics o f macroscopic quantum systems wi 11 be presented and then corresponding s t a t e s arguments w i l l be used t o p r e d i c t t h e thermodynamic p r o p e r t i e s o f s p i n -p o l a r i z e d quantum systems. o the l i q u i d -t o -c r y s t a l phase t r a n s i t i o n which occurs i n both helium isotopes a t zero temperature, and Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1980701 o the phase separation which occurs i n both s o l i d and l i q u i d mixtures o f the helium isotopes.
T h i s review i s organized i n t o t h e f o l l o w i n g
There are two aspects o f quantum mechanics which give r i s e t o these e f f e c t s :
o the quantum-mechanical zero-point k i n e t i c energy (energetics), and o t h e symmetry o f t h e wave f u n c t i o n ( s t a t i s t i c s ) .
This review w i l l emphasize those aspects o f macroscopic quantum systems which depend more s t r o n g l y on e n e r g e t i c s t h a n t h e y do on s t a t i s t i c s .
The most important aspect o f the physics o f macroscopic quantum systems i s t h a t t h e zerop o i n t k i n e t i c energy per p a r t i c l e i s comparable t o t h e magnitude o f the p o t e n t i a l energy per p a r t i c l e . This f a c t has several consequences:
o the binding energy o f the system i s much less than t h e magnitude o f the p o t e n t i a l energy, o the density o f the system i s l p m a l l corn; pared t o t h e density o f a c l a s s i c a l system, and o the ground s t a t e o f the system can, as a consequence, be a solid, a l i q u i d , o r a
E!
There are also important aspects o f the physics o f macroscopic quantum systems t h a t are due t o s t a t i s t i c s :
o t h e r e i s an " e f f e c t i v e " i n t e r a c t i o n caused by t h e s t a t i s t i c s --i t i s repuls i v e f o r fermions and a t t r a c t i v e f o r bosons and introduces strong c o r r e l a t i o n s between the p a r t i c l e s i n both cases, and o there i s a c h a r a c t e r i s t i c temperature a t which the e f f e c t s o f s t a t i s t i c s become i m p o r t a n t --i t i s o f t h e o r d e r of ~~/~/ k~m (p i s the number density, kB i s Boltzman's constant, and m i s t h e mass of a p a r t i c l e ) --f o r an i d e a l Fermi gas, t h i s i s t h e Fermi temperature, whereas, i t i s t h e B o s e -E i n s t e i n condensation temperature f o r an ideal Bose gas. Although i t i s possible, i n p r i n c i p l e , t o calcul a t e the p a i r i n t e r a c t i o n f o r these systems, t h i s has been achieved only f o r H4 and D4 /16/.
Many phenomenological i n t e r a c t i o n s have been constructed f o r these systems. The more recent of these appear t o be q u i t e accurate /17,18/.
For a l l calculations reported i n t h i s work, the well-known Lennard-Jones p o t e n t i a l was used;
i .e., where i s the depth o f t h e well and u i s t h e so-called c o l l i s i o n diameter.
Values o f these 2 2 parameters and the quantum parameter II = H /meo are given i n Table 1 : Values o f t h e Lennard-Jones parameters f o r t h e r a r e gases, molecular hydrogen, and spin-polarized atomic hydrogen. The l a t t e r are obtained by f i t t i n g t h e p o t e n t i a l s /03/ calcul a t e d by Kolos and Wolniewicz 1161.
A few comments on these r e c e n t l y developed, more a c c u r a t e phenomenological p o t e n t i a l s a r e i n order. The parameters f o r t h e "best" o f these as judged by t h e authors are shown i n Table 2 .
Values o f constants f o r r e c e n t l y developed phenomenological p o t e n t i a l s. Those f o r t h e heavy r a r e gases are taken from Barker /17/, those f o r helium from Aziz, e t al. /18/, and those f o r spin-polarized atomic hydrogen a r e unchanged because t h e c a l c u l a t i o n s /16/ are regarded as accurate t o one percent.
Results f o r t h e isotopes o f molecular hydrogen /19/ are not included because they are not consistent w i t h t h e r e s t o f the r e s u l t s . I t i s important t o note t h a t t h e a n a l y t i c form o f t h e phenomenol o g i c a l p o t e n t i a l varies s l i g h t l y from substance t o substance. t h a t t h e r e i s a class of systems such t h a t t h e p o t e n t i a l energy o f t h e system i s proportional t o a coupling constant E w i t h the dimensions o f energy, t h a t lengths i n the p o t e n t i a l energy scale w i t h one l e n g t h parameter a, and t h a t a l l other constants i n the p o t e n t i a l are t h e same L e t us now discuss t h e physical significance of the quantum parameter n.
For t h i s i n t u i t i v e discussion, it i s s u f f i c i e n t t o approximate the system w i t h a " c e l l " model, i n which each part i c l e i s viewed as moving i n a " c e l l " formed by i t s nearest neighbors.
Let us introduce A, t h e average distance between p a r t i c l e s . The f o l l owi n g crude estimates o f t h e k i n e t i c energy per p a r t i c l e R and the p o t e n t i a l energy per p a r t i c l e fl can be made:
where v ( r ) i s the p a i r p o t e n t i a l and the number of nearest neighbors i s taken t o be 12. It follows t h a t where f n ( x ) i s some f u n c t i o n o f x. I n t h i s case n i s proportional t o the r a t i o R/lfll; i n gener-
al, i t i s i n t u i t i v e l y c l e a r t h a t II i s a measure o f t h i s r a t i o and t h a t t h i s i s the physical
significance o f n. This r e s u l t i s most s i g n i f icant, because i t i s j u s t the value of RIIBI;
i.e., o f n, which determines the extent t o which macroscopic quantum systems manifest quantum effects.
Extended Quantum Theorem o f C o r r e s p o n d i n g States. The very form o f the theorem, Eq. (4), and t h e physical s i g n i f i c a n c e o f n, Eq. (5), suggest t h a t it would be most useful t o consider n as an independently v a r i a b l e continuous parameter and t o t r e a t i t as a "conceptual" thermodynamic variable.
To do t h i s , i t i s necessary t o e x t e n d t h e usual thermodynamic space t o include t h e additional variable n, so t h a t one may now consider, f o r example, P*-T*-11 space instead o f the usual P*-T* space. I n t h i s vein, i t i s straightforward t o construct t h e thermodynamic v a r i a b l e conjugate t o I I and thence t o derive the analogs o f t h e usual thermodynamic r e l a t i o n s h i p s (Gibbs-Duhem, Cl ausius-Clapeyron,
etc.). This s t r u c t u r e then constitutes t h e extended quantum theorem o f c o r r e s p o n d i n g
states.
On i n t u i t i v e physical grounds, i t i s c l e a r that, although t h e f r e e energy i s a continuous funct i o n of n, i t s derivatives w i t h respect t o n are not necessarily continuous.
A f t e r a l l , as n i s increased from t h e value f o r Ar t o the value f o r He, the ground s t a t e changes from s o l i d t o l i quid. Thus, i t i s t o be expected t h a t there w i l l be values o f n a t which "phase" t r a n s i t i o n s occur. This view suggests t h a t i t would be useful t o construct phase diagrams i n P*-T*-n space and t h a t these would give a general view o f the phases o f macroscopic quantum systems.
Such an approach has the u t i l i t y t h a t it i s o f t e n poss i b l e t o c a l c u l a t e accurately t h e values o f n a t which t r a n s i t i o n s occur; then it i s possible t o p r e d i c t t h e phase behavior o f r e a l systems simp l y by comparing the value o f n f o r t h e r e a l system w i t h t h e calculated values o f n a t which phase t r a n s i t i o n s occur. L e t us now introduce t h e "thermodynamic" v a r iable conjugate t o n. The usual equation f o r t h e Helmholtz f r e e energy i s dF* = -S* dT* -P* dV* + +* dn, (6 where If Eq. (3) i s used i n t h e p a r t i t i o n f u n c t i o n , t h e n Eq. ( 7 ) w i t h t h e use o f t h e f i n i t e temperat u r e Feynman-Hellman theorem /11/ y i e l d s where t h e average i n Eq. which can change t h e k i n e t i c energy o f t h e system independently o f t h e p o t e n t i a l energy.
Once t h e conjugate v a r i a b l e i s defined, t h e f u l l formalism o f s t a t i s t i c a l mechanics and thermodynamics can be u t i l ized. Several i n t e r e s t i n g r e s u l t s /13/ are as f o l l o w s : o a new s t a t i s t i c a l mechanical ensemble can be constructed i n which O* i s t h e independent v a r i a b l e and o n l y average values o f n are meani n g f u l , o t h e Gibbs phase r u l e i n t h i s extended thermodynamic space becomes where D i s t h e number o f degrees o f f r e edom, C i s the number o f components, and P t h e n u m p~r o f phases --thus i n t h i s conceptual space t h e r e can be a quadr u p l e p o i n t f o r a % component system! --t h e r e i s no c o r~f l i c t w i t h o r d i n a r y thermodynamics, which applies o n l y i n a physical subspace i n which n i s fixed, and o t h e a n a l o g of t h e Cl a u s i u s -C l a p e y r o n equation a t zero temperature i s where t h e d e r i v a t i v e i s taken along t h e coexistence curve, and t h e subscripts I and I 1 r e f e r t o t h e t w o c o e x i s t i n g phases.
This completes t h e discussion o f the extended quantum theorem o f corresponding states.
Thermodynamic P r o p e r t i e s o f Macroscopic Q u a n t um
Systems. I n t h i s section, t h e thermodynamic p r o p e r t i e s o f macroscopic quantum systems w i l l be t r e a t e d from a u n i f i e d p o i n t o f view u t i l i zi n g t h e extended quantum theorem o f correspondi n g stdtes. The presentation i s organized i n t o t h r e e parts:
o ground-state r e s u l t s , o t r i p l e -p o i n t and c r i t i c a l -p o i n t data; and 0 generalized "phase" diagrams.
This p o i n t o f view has been used t o t r e a t other aspects o f macroscopic quantum systems, such as i t i n e r a n t ferromagnetism /20/, quantum s o l u t i o n s /21/, and two-dimensional systems /22/. These aspects w i l l not be discussed i n t h i s review.
The ground-state r e s u l t s which we w i l l discuss were obtained from v a r i a t i o n a l c a l c u l a t i o n s of t h e ground-state energies o f f l u i d and sol i d
Bose and Fermi systems /11-13/ as a f u n c t i o n of t h e quantum parameter n. They are summarized i n o " l a r g e " 0 --t h e k i n e t i c energy i s dominant and t h e ground s t a t e i s a gas; i .e., an unbound, many-body quantum system.
Property S t a t i s t i c s C r i t i c a l s
Liquid-Sol i d Bose 0.14 T r a n s i t i o n (P* given in Table 1 . In addition, the results of the ground-state calculations, sumnarized i n Table 3 o the liquid and gas phases can coexist for a Fermi system a t zero temperature; whereas, these phases cannot coexist for a Base system a t zero temperature --again t h i s result i s due t o the kinetic energy of the Fermi sea /12/. o a l l of t h e s e reduced q u a n t i t i e s eventually decrease with increasin n --t h i s result i s understandable intui\i vely in terms of the increase in the zeropoint kientic energy, so that the system r e q u i r e s l e s s thermal energy o r l e s s Thus, an important result of these calculations i s that the general features of the ground-state thermodynamic properties of these systems depend only on the "physics" of these systems and not on the details of the calculations. The precise
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numbers do, of course, depend on these d e t a i l s as well as on the phenomenological potential. W e believe that the numerical results describe the real physical systems with an accuracy of approximately t e n percent, because t h i s i s
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probably a good estimate of the accuracy of n i t s e l f as shown in Tables 1 and 2. Let us now t u r n t o a discussion of the c r i t i c a l points and t r i p l e points of the class of systems under consideration. Corresponding s t a t e s plots QUANTUM PARAMETER q of the reduced temperatures, pressures, and den- Figure 3 .
Plot of the reduced c r i t i c a l and t r i pl e-poi n t pressures versus t h e quantum parameter v .
The data are obtained as f o r Figure 2 . The l e f t -and right-hand scales a r e f o r the c r i t i c a l and triple-point pressures, respectively. s i t i e s are given in Figures 2, 3, and 4 , respectively. These thermodynamic quantities are "reduced" (i .e., brought into dimensionless form) using the Lennard-Jones potenti a1 parameters 
l o t o f t h e reduced c r i t i c a l and t r i p l e -p o i n t d e n s i t i e s v e r s u s t h e quantum parameter s . The data are obtained as f o r Figure 2. p r e s s u r e t o e f f e c t t h e t r a n s i t i o n i n question, o f o r s u f f i c i e n t l y l a r g e values o f s, t h e e f f e c t s o f s t a t i s t i c s cause t h e curves t o b i f u r c a t e --again these r e s u l t s can be understood i n t u i t i v e l y i n terms o f t h e e f f e c t i v e repul sion between fermions and t h e e f f e c t i v e a t t r a c t i o n between bosons, so t h a t t h e c r i t i c a l temperatures and pressures are lower f o r fermions than f o r bosons, and o i n a l l cases, the curves vanish f o r a c r i t i c a l value of n --thus, systems w i t h s u f f i c i e n t l y l a r g e values o f n w i l l behave l i k e a f l u i d above i t s c r i t i c a l p o i n t a t a l l temperatures i n c l u d i n g T =

O!
A c l o s e look a t these graphs a l s o reveals some nagging discrepancies:
o the values f o r the reduced pressures and d e n s i t i e s f o r Ne are not t h e same as those o f the other heavy r a r e gases, and o t h e values f o r t h e isotopes o f H2 and He appear t o be a b i t i r r e g u l a r .
I n our opinion, these discrepancies are due t o inadequacies i n the phenomenological p a i r potent i a l . I f t h e parameters determined by Barker /17/ are used, t h e Ne discrepancies disappear because o f the improved accuracy o f t h e l e n g t h parameters. The i r r e g u l a r i t i e s i n the hydrogen and helium curves probably have t h e same source;
however, an i n t e r n a l l y s e l f -c o n s i s t e n O t set o f phenomenological p o t e n t i a l s has not y e t been Thus, we b e l i e v e t h a t these phase diagrams g i v e a q u a l i t a t i v e l y c o r r e c t and reasonably accurate q u a n t i t a t i v e p i c t u r e o f t h e s o l i d , l i q u i d and gas phases o f Bose and Fermi macroscopic quantum systems.
d e v e l o p e d f o r t h e s e systems, so t h a t t h e question s t i l l remains open f o r these two cases.
With these r e s u l t s , it i s now s t r a i g h t f o r w a r d t o construct t h e P*-T*-I-
It i s o f i n t e r e s t t o examine t h e P*-T*-n phase diagram f o r Bose systems from t h e p o i n t o f view o f t h e Gibbs Phase Rule, Eq. (9).
Clearly, t h e r e are f o u r phases which need t o be consider-
ed --s o l i d , l i q u i d , gas and superfluid. I n t h i s "extended" thermodynamic space, t h e r e i s already a l i n e o f t r i p l e p o i n t s where t h e s o l i d , l i q u i d , and gas coexist.
The reduced I -p o i n t 4 temperature f o r He a t saturated vapor pressure can e a s i l y be determined and another l i n e of t r i p 1 e p o i n t s ( 1 iquid-gas-superfl u i d ) constructed through i t using the i n t u i t i v e physical idea t h a t t h e reduced I-point temperature i s proport i o n a l t o t h e quantum parameter n.
The p o i n t where these two l i n e s cross i s t h e juadruple-
point, and t h e t h i r d l i n e o f t r i p l e p o i n t s ( s o l i d -1 iquid-superf 1 u i d ) can be constructed t o pass through t h i s point. This c o n s t r u c t i o n does not prove t h a t a quadruple p o i n t must e x i s t ;
o n l y t h a t i t can exist. There w i l l , o f course, be a B o s e -E i n s t e i n c o n d e n s a t i o n i n t h e gas phase; however, t h i s i s not p i c t u r e d i n Figure   5 .
The P*-T*-0 phase diagram f o r Fermi systems i s very much l i k e t h a t f o r Bose systems. The c r it i c a l p o i n t occurs a t a smaller value o f II and t h e r e i s a l i q u i d -g a s coexistence curve a t zero temperature. Both of these r e s u l t s are due t o the k i n e t i c energy o f t h e Fermi sea /12/. There i s , o f course, an extensive s t r u c t u r e , which i s not shown, due t o the existence o f s u p e r f l u i d i t y 3 i n He. I n a d d i t i o n , t h e r e i s another extensive s t r u c t u r e , which i s not shown, due t o t h e poss i b i l i t y o f i t i n e r a n t ferromagneti sm i n Fermi LINE OFTRIPLE POINTS ILIQUID SOLID.GASI BOSE STATISTICS Figure 5 .
Phase diagram f o r Bose macroscopic quantum systems i n P*-T*+I space. Experimental 4 data are used f o r the A, H , and He curves. The v a l u e f o r t h e 4~e A -p G n t i s t h a t a t t h e saturated vapor pressure.
The zero-temperature r e s u l t s are taken from Table 3 .
The f i g u r e i s constructed so as t o show how a quadruple p o i n t could exist.
The curve f o r t h e Bose-Einstein -nsation temperature f o r W i s taken from Stwal l e y and Nosanow /03/.
systems. This subject i s discussed by Guyer and M i l l e r /20/. This completes our discussion o f t h e thermodynamic properties o f macroscopic quantum systems.
Use o f the extended quantum theorem o f corresponding states enables one t o form a unified, over-all view o f these properties. It i s worth emphasizing t h a t these r e s u l t s depend only on the "physics" o f these systems and not on t h e o r e t i c a l details.
Thus, they are o f general v a l i d i t y and c e r t a i n l y q u a l i t a t i v e l y correct. W e believe t h a t they q u a n t i t i v e l y describe r e a l systems t o an accuracy o f approximately t e n percent.
Spin-Polarized Quantum Systems.
I n t h i s Section the formalism developed i n t h e previous Sections w i l l be used t o p r e d i c t some o f t h e thermodynam- show t h a t the e f f e c t o f s t a t i s t i c s i s unimport a n t f o r small 0. The r e s u l t s f o r D+ are taken from M i l l e r and Nosanow /26/.
The spin-polarized scale i s discussed i n t h e Section on spinpolarized quantum systems. i c properties o f spin-polarized quantum systems. F i r s t , Ht and Dt are discussed i n general. Then a corresponding states discussion o f t h e propert i e s o f t h e i r f l u i d phases i s given. A f t e r t h a t a r a t h e r speculative discussion o f t h e propert i e s o f s o l i d H4 and D4 i s presented. F i n a l l y , spin-polarized 3~e i s b r i e f l y discussed.
L e t us f i r s t c o n s i d e r s p i n -p o l a r i z e d atomic hydrogen and d e u t e r i u m i n general. It i s be1 ieved t h a t H4 obeys Bose s t a t i s t i c s because
it i s a t i g h t l y bound system o f two fermion (one proton and one electron); whereas, D4 obeys Fermi s t a t i s t i c s because i t i s a t i g h t l y bound system o f t h r e e Fermions (one proton, one neutron and one electron).
This problem i s fundamentally t h e same as t h a t o f the s t a t i s t i c s
obeyed by He and 4~e and has been extensively discussed by Girardeau 1271. A cursory look a t Table 1 , shows t h a t Ht has the l a r g e s t TI o f a l l o f t h e systems and should t h e r e f o r e manifest quantum e f f e c t s most s t r o n g l y on a macroscopic scale. On t h e other hand, D4 has a value o f n a 3 1 i t t l e l a r g e r than t h a t f o r He and hence should behave very much l i k e it.
We s h a l l now consider the f l u i d phases o f H*. Tables 1 and 2 ).
It i s , o f course, expected t h a t t h i s quantum gas w i l l e x h i b i t a Bose-Einstein condensation t o become a s u p e r f l u i d gas /01-03/.
Results o f recent c a l c u l a t ions by L a n t t o and Ni eminen 1281 are shown on Table 4 .
Since Ht i s a weakly i n t e r a c t i n g Bose gas, t h e usual theory should apply 1291. I n addition, i t s h o u l d be p o s s i b l e t o make a c l e a r c u t observation o f t h e Bose condensate.
We s h a l l now consider t h e f l u i d phases o f D4. 3 Because n(D4) i s very close t o n( He), i t s 3 p r o p e r t i e s may be very l i k e those o f He.
However, it may be t h a t use o f accurate phenomenol o g i c a l p a i r p o t e n t i a l s would reduce t h e c r it i c a l values o f n f o r Fermi systems given on Table 3 by roughly 15%, i n which case n ( l i q u i dgas) * 0.25 and n ( c r i t i c a l p o i n t ) * 0.28. I f t h i s were true, t h e TI f o r D4 would f a l l i n between, and D4 would have a gaseous ground s t a t e and t h e p o s s i b i l i t y o f l i q u i d -g a s coexistence a t zero temperature! I n t h i s event i t might be possible t o observe quantum e f f e c t s on t h e s i n g u l a r i t i e s o f thermodynamic f u n c t i o n s i n t h e neighborhood o f t h e c r i t i c a l p o i n t 1131.
It i s , o f course, expected t h a t Dt w i l l e x h i b i t Table 4 .
Properties of H 4 c a l c u l a t e d by L a n t t o and Nieminen 1281.
Here P i s t h e number density, Vm i s t h e molar volume, TBE i s t h e Bose-Einstein condensation temperature, and nc i s t h e z e r o t e m p e r a t u r e condensate f r a c t i o n (note t h a t TBE a o~'~) . The q u a n t i t y Bmin i s t h e magnetic f i e l d necessary t o s t a b i l i z e H4 a g a i n s t decay due t o c o l l e c t i v e e x c i t a t i o n s f i r s t studied by Berlinsky, e t al. /06/. a phase t r a n s i t i o n t o a s u p e r f l u i d s t a t e a t t e m p e r a t u r e s o f t h e o r d e r o f 1 mK.
T h i s behavior should be completely analogous t o t h a t of 3~e ; e.g., t h e r e should be both A and B
phases. This behavior would s t i l l be expected I n addition, t h e o n l y e x i s t i n g ddta /11, 131 r e f e r t o t h e l i q u i d -s o l i d t r a n s i t i o n ; not t o t h e l i q u i d -g a s t r a n s i t i o n . Nevertheless, t h e p r o p e r t i e s of t h e s o l i d a t t h e l i q u i d -s o l i d t r a n s i t i o n appear t o be dominated by the propert i e s of a hard-sphere system w i t h t h e s i z e o f t h e sphere renormalized by t h e e f f e c t s o f ener-2 e t i c s . Thus, we be1 ieve t h a t t h e r e s u l t s w i l l c e r t a i n l y be qua1 i t a t i v e l y c o r r e c t , and t h e d i f f e r s i g n i f i c a n t l y f o r He and H because t h e value o f CI i s much l a r g e r f o r H t h a n f o r He. o t h e eo f o r D t i s also q u i t e low, which i s t o be expected due t o t h e l a r g e zerop o i n t k i n e t i c energy; t h e eo f o r Ht may be q u i t e large, but t h e e x t r a p o l a t i o n i s probably unrel iable.
o thus, t h e molar volumes a t s o l i d i f i c a t i o n o f s o l i d Ht and Dt are predicted t o be very large, w i t h t h e consequence t h a t t h e n e a r e s t -n e i g h b o r d i s t a n c
A few other comnents are i n order:
o t h e c o e f f i c i e n t o f t h e r m a l expansion should be q u i t e low because these systems e x i s t a t t e m p e r a t u r e s such t h a t t h e thermal k i n e t i c energy i s small compared t o the zero-point k i n e t i c energy, o t h e sound v e l o c i t i e s and phonon spectra should look p r e t t y much l i k e those f o r 3 e i t h e r bcc He o r 4~e --t h e magnitudes should scale roughly w i t h t h e eo s, and o exchange e f f e c t s due t o t h e symnetry of t h e wave f u n c t i o n should be l a r g e r than " f o r '~e ; however, t h i s exchange i n t e ra c t i o n i s small compared t o t h e elect r o n i c sing1 e t -t r i p l e t exchange --t h e r e would be a l a r g e c o e f f i c i e n t o f s e l f d i f f u s i o n which might be detectable by a resonance t e c h n i q u e i n a w e a k l y inhomogeneous magnetic f i e l d . The helium volume and pressure data are taken from Crawford /24/. The Debye eo data are taken from Greywall /30/. F i n a l l y , i t i s o f i n t e r e s t t o speculate f u r t h e r on t h e p o s s i b i l i t y o f observing "supersol i d " behavior i n s o l i d Ht. and Dt.
One might t h i n k h a l f o f t h e spin states o f t h e Fermi sea w i l l be populated. Although t h e actual c a l c u l a t i o n s are q u i t e complicated, t h e general features are easy t o obtain. If one considers o n l y t h e i d e a l ground s t a t e energy, then we f i n d t h a t o n l y t h e r a t i o n / g 2 j 3 appears, where g i s t h e s p i n degeneracy. Thus, t o a f i r s t approximation, a calcul a t i o n f o r a l l n f o r g = 1 can be deduced from a c a l c u l a t i o n f o r a l l n f o r g = 2 by simply s t r e t c h i n g t h e scale o f the quantum parameter n.
M i l l e r and Nosanow /26/ found t h a t t h e change from g = 2 t o g = 1 d i d not a f f e c t t h i n g s t o o much. Thus, t h i s e f f e c t i s p i c t u r e d on Figure 6 by a modest s t r e t c h i n g o f t h e n scale. It i s c l e a r t h a t t h e q u a l i t a t i v e f e a t u r e s o f t h e P*-T*-n phase diagram are unchanged. Possible e f f e c t s on t h e melting curve and o t h e r propert i e s have been discussed by L h u i l 1 i e r and La166
/07/ A L a s t Remark. Whenever a new macroscopic quantum system i s found, i t i s worth examining i t s possible u t i l i t y as a r e f r i g e r a n t . I n t h i s respect HI may very w e l l be unique, because i t may be the only substance t h a t remains gaseous a t a l l temperatures, even absolute zero. Thus, i f i t were once cool3d below i t s Bose-Einstein condenstaion temperdture, i t s use as a r e f r i g e rant would, i n p r i n c i p l e , permit t h e attainment o f temperatures a r b i t r a r i l y close t o absolute zero.
